12 United States Patent

Nam et al.

US009490734B2

US 9,490,734 B2
Nov. 8, 2016

(10) Patent No.:
45) Date of Patent:

(54) MOTOR CONTROL DEVICE AND METHOD
OF CONTROLLING THE SAME

(75) Inventors: Jaewon Nam, Daejeon (KR); Young
Kyun Cho, Daejeon (KR); Hui Dong
Lee, Daejeon (KR); Yil Suk Yang,
Daejeon (KR); Jong-Kee Kwon,
Daejeon (KR); Jongdae Kim, Daegjeon
(KR)

ELECTRONICS &
TELECOMMUNICATIONS
RESEARCH INSTITUTE, Daejeon
(KR)

(73) Assignee:

Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 154(b) by 1165 days.

Notice:

(%)

(21) 13/443,823

(22)

Appl. No.:

Filed: Apr. 10, 2012

(65) Prior Publication Data

US 2012/0268052 Al Oct. 25, 2012

(30) Foreign Application Priority Data

Apr. 19, 2011 (KR) 10-2011-0036187

(51) Int. CL
HO2P 6/18
HO2P 6/10
HO2P 6/20

HO2P 6/08

U.S. CL
CPC

(2016.01
(2006.01
(2016.01
(2016.01

L N e

(52)
................. HO2P 6/182 (2013.01); HO2P 6/10
(2013.01); HO2P 6/085 (2013.01); HO2P 6/18
(2013.01); HO2P 6/205 (2013.01); HO2P
2209/07 (2013.01)

(38) Field of Classification Search
CPC .... HO2P 6/182; HO2P 6/085; HO2P 2209/07;
HO2P 6/18; HO2P 6/205
USPC 318/400.34
See application file for complete search history.

(56) References Cited

U.S. PATENT DOCUMENTS

5,625,264 A *  4/1997 Yoon .........eeeeevviinnn, HO2P 6/002
318/400.02

2002/0041168 Al1* 4/2002 Mann .................... HO2P 25/088
318/400.23

2011/0175556 Al1* 7/2011 Tobari ..........cceeene. HO2P 21/05
318/400.02

FOREIGN PATENT DOCUMENTS

KR 10-0130537 B1  11/1997
KR 10-1999-0071005 A 9/1999
KR 10-2009-0007051 A 1/2009

* cited by examiner

Primary Examiner — Shawki S Ismail
Assistant Examiner — Bradley Brown

(57) ABSTRACT

A motor control device including a preprocessing portion
calculating a counter electromotive force using an analog
operation 1s provided. The motor control device may include
an ollset compensation portion and a counter electromotive
force measuring portion. The oflset compensation portion
receives a three-phase current signal from the motor and
compensates an oflset of the three-phase current signal. The
counter electromotive force measuring portion receives the
compensated current signal and a three-phase voltage signal
from the motor and calculates the received current signal
and the received voltage signal using an analog operation to
provide the calculated result.

19 Claims, 18 Drawing Sheets

Signal

106
N NS Three-phase ’
| pmmm—mmmm—m— e — . ﬁ] Current Signal{ly, ly, ly)
| ¥
2 l 220 | | ,, Motor
o ' | | Three-phase
L Of fset L neors | | Voltage Signal (Vy,Vy,Vy)
| ——t Compensation # » Counter | :
| Por tion EMF | | Three-phase
L neference | woaairing | | | Driving Current]
N Clock Signall "pertion | H~-200 L
| Ll e e e e
| T T T T T T T T e e =
| | | I
|| b e N
: External Inver ter : I
. |Control Signal ||
I Y 350 ::
10 [ E——
|
| 310 ADC 301 320 330 ALLE Y
N ; / |
| f Harmonic E Nonl inear Lot PN a
| Processor o Component —t Compensat ion 4 Generating , :
| Three-phase | patection Portion Por t ion Por tion ||
| Conversion : |
I |
| |
| : :
|
| -
| -
| I
| ||
| |




U.S. Patent Nov. 8, 2016 Sheet 1 of 18 US 9,490,734 B2

200 100

Three—phase
Current Signal

Three—phase
Voltage Signal

Preprocessing
Portion

Three—-phase
Driving Current

Three-phase
Counter EMF 300

Coniro! Portion




US 9,490,734 B2

Sheet 2 of 18

Nov. 8, 2016

U.S. Patent

“
TR0 |
1 UODA |
m |
i |
: "
M eUBIQ |
LUO1S JOAUON |
1011 104 U011 40d UOT110d UOTI081a( | ggpyd-ss1yy _
Bu | 1e . oudy U0 | 1esuaduon } usuoduio) 1085990 U4 _
Avd oy Je3UT JUCN O | LUOW _
|
OVE  f 0€e 0ce 0e—~~ IV 01L€ _
04¢E _ . R _
O
—0¢ n:n:n:mmm |BUBIS | 041U0) _
187 19AU U I81X3 _
|
|
|
4 _
002~ Uot110d - *TeimTe So0
L 3ue1ing BuIALIC _ pu i inseapy | ! mu:%w%wmm:u _
aseyd-ssiyy _ 43 Uo 11104 |
| 181Unoj UQ 1 1BSuUadiuo) _
(AAPACTA) JBUBIS BBelop | ! 105440 _
oseyd-aoiy] _
1010 H “ | 0d¢ Olc _
(MM Ty eublg 1udIng _ _
aseLd-a2.iy| | WA
001 \ 'S 1
0001 N rm




US 9,490,734 B2

Sheet 3 of 18

Nov. 8, 2016

U.S. Patent

135440 I

Uot] 104

U011} Jod
U0110818(]

195110

GG

Uo1}.10od

(WA

| BAOLISY / U0 1S JBAUO
1981 40 YA 1ndu|
C12 112
/
012

SRR

4 |BUDIS JUBIINY
aseyd-oea iy}



US 9,490,734 B2
T T
|
|
|
q-) |
A\ |
Nl
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
L
|
|
|
|
|
|
|
|
|
|
I

= | | SN
P H
‘ dote T = Yo
J N
| < E bl ﬂ
" _ NQ Z:W_ 3
1B

" 2/ rm:wm_ ﬁz__tgv\_mmﬁ ;Em “ L p,
w ﬁzimmtOH | | = Y x ._\ | _‘.m.N
- “ T s, 1X(1-)  Bgie |
- _ _\meW_ | N
- _ H
= _ ¢ A |
O o B thanihaadasadieseinseihassibosadiosesioaninseadins | |

_1 28NS cansy :“ _ - _ “

| |
o _ _ _ NI+ ]xesd |
= |
S _ - pzlz - 2iz- I |
e e e e e

om _ cansy | P
z (0)440-N1 . _ 217

|

| 29NSy; |

d

U.S. Patent
-
a0
o et
c3




US 9,490,734 B2

Sheet 5 of 18

Nov. 8, 2016

U.S. Patent

2E

N

U011} 40d
But e tadg

2
191UN0Y

12¢C U011 404 Builejausy
|eUDIS 00|97

[BUDIS %0019 1Beub 1S MO0 N
DUODSS 1S 114

U011 .04
[V put | dwes

CGe

022

G "I1]

|lRUB IS »00(9
80U 19} 9y

430-N| I

CIATAATTA)
|eubiS sbel |OA
aseyd-oo.i4]




US 9,490,734 B2

f.zm
1 - o7
1T oy ~
Oy .
mmow_\}; ~

= .|_ c9n
5 7
o il IECC e e
o < _ | i
% = - =
i~ - b
7 G0V T | ens COYSMS ) Wo

|| A | '

o + 10 7S MS

VP? _ | “y - J |

& I | |.._||| emQ

|
= f)>>\ Wy ! L s MO | LMS
~ N 140-N| \ By, 1) 0
5 (SL/M )Y IXE WOy 5 _
. } _ |
> _om\m _ o 222 |
“ ‘ 0888~ ~— m 0 ) (N)240-N1y

| U0 t] 104

e, i} 1 22 Bui e jsusy
- BUBIS H001)

[BuBIS Y0010 Q .wﬁm

901i8 18 | 8Y

U.S. Patent



U.S. Patent Nov. 8, 2016 Sheet 7 of 18 US 9,490,734 B2

Fig. 7A
(i) t=t,
Cg1
SW1 I
lin-orr(n (To ) 3
C
Fig. 7B
(1i)t=t,
i SWG
- _’_‘l Aly(tq)
N
lin-oee(y (T ) o1 ~
vy

oW4



U.S. Patent Nov. 8, 2016 Sheet 8 of 18 US 9,490,734 B2

Fig. (C
(1i1)1=t,
Cs;
1
S l ol
SW2
negrr (T2 -
Cas
T
L
Fig. 7D
> norrcoy to)
T IIN*OFF(U)( t1)
-orr(ul T2 )
A
t 3 t,
| |
Q1 -

Q2 | l




U.S. Patent Nov. 8, 2016 Sheet 9 of 18 US 9,490,734 B2

Fig. 8

* dineorr(u) (T Ts)
> {in-orrw) (to)

liv-orr( (ot Ts)

to—Tls Lo totls




US 9,490,734 B2

Sheet 10 of 18

Nov. 8, 2016

U.S. Patent

101 0N

001

1ua i
oSkt

)

S

leubig |0411u0)
|RU 1D XT

1 UODA

1055300 I

¢]52

Hm@mmOH

U0 11104
HO1110d U0 118S
191 19AU| DU 1 ]1eidusy g
Jeou | | UON 0
omm Ore 0t ’
0cE
,
3 BUTALIQ
d-89 .1y

18Z 1S8Y1UAS
ADUBNDS 14

1010818(]
1U913111307

10109818(]
JUB 1014480

10}0818(]
jUaid 1] 180)

'eubIg UOIS.
2Sed-80.

JQV

oQv

6 "SI



U.S. Patent Nov. 8, 2016 Sheet 11 of 18 US 9,490,734 B2
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Fig. 15
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Fig. 16
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MOTOR CONTROL DEVICE AND METHOD
OF CONTROLLING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This U.S. non-provisional patent application claims pri-
ority under 35 U.S.C. §119 of Korean Patent Application

No. 10-2011-0036187, filed on Apr. 19, 2011, the entire
contents of which are hereby incorporated by reference.

BACKGROUND

The present mventive concept herein relates to motors,
and more particularly, to a motor control apparatus and a
method of controlling the same.

A motor 1s divided into a direct current motor and an
alternating current motor. Since 1t 1s difhicult to control an
alternating current motor as compared with a direct current
motor, the alternating current motor has not been well used
in a precision industry. However, as a control technology has
been advanced these days, a use of alternating current motor
1s being increased. A brushless motor that 1s a kind of
alternating current motor has a long operation life as com-
pared with other motor and may generate a big torque and
thereby it may be used 1n various industry fields.

When driving a motor, minute vibration or noise may be
generated. Generally, vibration or noise may be caused by
cogging torque and torque ripple. The cogging torque 1is
generated by a mechanical cause such as an interaction
between a permanent magnet and a slot. The torque ripple 1s
generated by an electrical cause such as electrical noises and
incompleteness of electrical control. One of elements that
make an electrical control diflicult 1s that torque actually
occurred does not accurately follow a torque command
applied from the outside. Thus, to reduce torque ripple, a
control method that matches up the torque command with a
wavelorm of actual torque 1s needed.

SUMMARY

Embodiments of the inventive concept provide a motor
control device. The motor control device may include a
preprocessing portion calculating a counter electromotive
force corresponding to a current signal of each phase or a
voltage signal of each phase from a three-phase current
signal of motor or a three-phase voltage signal of motor
using an analog operation and a control portion driving the
motor with reference to the counter electromotive force.

Embodiments of the mventive concept also provide a
method of measuring a counter electromotive force har-
monic coeflicient. The method may include receiving sine
wave signals the amplitude of angular frequency of which 1s
odd number times of rotation angular frequency and a
counter clectromotive force; performing an operation of
dividing the counter electromotive force by angular fre-
quency; obtaining cross correlation functions between the
received sine wave signals and the counter electromotive
force on which a dividing operation i1s performed; and
obtaining the maximum values of the cross correlation
functions to provide them as harmonic coeflicients of the
counter electromotive force.

BRIEF DESCRIPTION OF THE FIGURES

Preferred embodiments of the imnventive concept will be
described below 1n more detail with reterence to the accom-
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2

panying drawings. The embodiments of the inventive con-
cept may, however, be embodied in different forms and

should not be constructed as limited to the embodiments set
forth herein. Rather, these embodiments are provided so that
this disclosure will be thorough and complete, and will tully
convey the scope of the mventive concept to those skilled 1n
the art. Like numbers refer to like elements throughout.

FIG. 1 1s a block diagram 1illustrating a motor control
apparatus in accordance with some embodiments of the
inventive concept.

FIG. 2 1s a block diagram illustrating the motor control
apparatus illustrated in FIG. 1 1n detail.

FIG. 3 1s a block diagram illustrating an oflset compen-
sation portion 1illustrated 1in FIG. 2.

FIG. 4 1s a circuit diagram 1llustrating a specific circuit
constitution of the oflset compensation portion 1llustrated 1n
FIG. 3.

FIG. 5 1s a block diagram 1llustrating a counter electro-
motive force measuring portion illustrated in FIG. 2.

FIG. 6 1s a circuit diagram 1llustrating a specific circuit
constitution of the counter electromotive force measuring
portion 1llustrated in FIG. 5.

FIG. 7A 1s a conceptual diagram for describing a current
sampling operation at t=t, of a sampling portion 1llustrated
in FIG. 6.

FIG. 7B 1s a conceptual diagram for describing a current
sampling operation at t=t, of a sampling portion illustrated
in FIG. 6.

FIG. 7C 1s a conceptual diagram for describing a current
sampling operation at t=t, of a sampling portion illustrated
in FIG. 6.

FIG. 7D 1s a wavelorm 1llustrating a sampling operation
of the sampling portion illustrated in FIG. 6.

FIG. 8 1s a wavetorm diagram representing the wavelform
illustrated 1n FIG. 7D again considering a sampling period.

FIG. 9 1s a block illustrating a control portion illustrated
in FIG. 2.

FIG. 10 1s a block diagram for describing an operation of
harmonic coetlicient detection portion 1illustrated 1n FIG. 9.

FIG. 11 1s a block diagram illustrating an operation of
nonlinear compensation portion illustrated in FIG. 9.

FIG. 12 1s a block diagram illustrating a PWM generating
portion illustrated 1n FIG. 9.

FIGS. 13 and 14 are conceptual diagrams for describing
that a width of PWM output pulse 1s changed by a current
control signal in the PWM generating portion illustrated 1n
FIG. 12.

FIG. 15 1s a flow chart describing a method of controlling
a motor 1 accordance with some embodiments of the
inventive concept.

FIG. 16 1s a flow chart described by subdividing S111
illustrated 1n FIG. 15.

FIG. 17A and FIG. 17B represent simulation results of
torque characteristic ol motor control apparatus 1 accor-
dance with some embodiments of the mventive concept.

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

(L]

Embodiments of mventive concepts will be described
more fully heremnafter with reference to the accompanying
drawings, 1 which embodiments of the invention are
shown. This inventive concept may, however, be embodied
in many different forms and should not be construed as
limited to the embodiments set forth herein. Rather, these
embodiments are provided so that this disclosure will be
thorough and complete, and will fully convey the scope of
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the mventive concept to those skilled in the art. In the
drawings, the size and relative sizes of layers and regions
may be exaggerated for clarity. Like numbers refer to like
clements throughout.

Inducement of Compensation Current Minimizing Torque
Ripple

Hereinatiter, description of principle minimizing torque
ripple of motor 1s provided. The torque ripple of motor 1s
generated because an actual torque of motor does not
accurately follow the applied torque command. The reason
1s that the actual torque 1ncludes a function of location 0 of
motor. That 1s, the actual torque 1s dependent on a location
of motor. Thus, 1f an eflect of location 1s not excluded, the
actual torque does not accurately follow a torque command.

A control method of producing an independent actual
torque to a location 0 of motor. In the control method, the
actual torque 1s in proportion to a torque command and
thereby wavelorms may coincide with each other. That 1s,
since the actual torque well follows the torque command, a
torque ripple 1s reduced.

To induce an operation equation of general brushless
direct current motor, the following assumptions are made.

1) Motor operates 1n a linear region and hysteresis loss 1s
neglected. 2) A gap between a rotor and a stator 1s uniform.
3) Mutual inductance of each interphase 1s uniform regard-
less of a location of a rotor.

A phase voltage of motor 1s represented by mathematical
formula 1.

dx,
Vi :Rkak+E,(k:1,2,3)

|[mathematical formula 1]

Herein, V, 1s a phase voltage, I, 1s a phase current and R,
1s a phase resistor, A, 1s a phase magnetic flux linkage and
k means each phase of three-phase motor. The phase mag-
netic flux linkage A, 1n the motor includes a magnetic flux
linkage by self-inductance, a magnetic flux linkage by
mutual inductance and a magnetic flux linkage by a rotor.
Thus, the phase magnetic flux A, may be represented by a
mathematical formula 2.

3
A :ZijIj + A, (k=1,2,3)

J=1

Herein, L, 1s mutual inductance between phase j and
phase k (3=k), L, 1s self-inductance of phase k and A, 1s
magnetic flux linkage of phase k by rotor. If substituting the
mathematical formula 2 for the mathematical formula 1, a
mathematical formula 3 1s drawn.

Ak 4O (k=1,2,3)
do ~dr T 07

> dl;
Lﬂ{— 4
1

V., = R, x1I, +
k i X i P

._I’.:

Herein, 0 1s a location of rotor. In the mathematical
formula 3, the third section of the night side corresponds to
counter electromotive force of motor. Since the counter
clectromotive force 1s proportional to a speed (w=d0/dt) of
rotor, as the motor operates mm high speed, the counter
clectromotive force becomes great. A value obtained by
differentiating the magnetic flux linkage A . of phase k by
rotor with respect to the location 0 of rotor 1s defined as an
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4

eigenfunction of the motor. The eigenfunction of the motor
1s dependent on the location 0 of rotor. In three-phase motor,
cach phase has a location difference of 2/3m. Thus, the
eigenfunction (hereinafter 1t 1s called g (0)) of the motor 1s
defined as a mathematical formula 4.

d A,

- =80

d A,

g —8—2/37)
d A,z

70 =g(0+2/3n)

Generally, torque generated by one phase 1s represented
by multiplying a phase current I, by the eigentunction of the
motor g (0). Since the whole generated torque 1s sum of
torques by each phase, the whole torque is represented by a
mathematical formula 5.

T'=T+1 +1;

=g @YX +g(0-2/3m)X L+ g(8+2/37)% 5

g (0) 1s the eigenfunction of the motor and may have a
trapezoidal shape, a sine wave shape or a sine-like-wave
shape. In the mathematical formula 5, the whole torque 1s a
function of the location 0. Thus, the whole torque T may
have a torque ripple depending on the location 0 of the
motor. To produce a torque without torque ripple, the whole
torque should not be dependent on the location 0 of the
motor.

According to the mathematical formula 5, the dependence
of the whole torque on the location 0 occurred by the
function g (0). Thus, if the phase current I,- offsets changes
of g (0) 1n accordance with the location 0, the whole torque
1s independent on the location 0. That 1s, since the whole
torque 1s also a tunction of the phase current, an effect in
accordance with the location 0 may be removed by control-
ling the phase current. At this time, the phase current should
be a function of the location 0.

An 1deal current signal not generating torque ripple 1s
defined as a compensation current. The compensation cur-
rent may be defined by a mathematical formula 6.

Ix=13%/,(0)

Herein, I, 1s a compensation current, IM 1s a torque
command being output from a speed controller and 1,(0) 1s
a current command not generating location dependent torque
ripple. If substituting the mathematical formula 6 for the
mathematical formula 35, a torque like a mathematical for-
mula 7 1s obtained.

=1, x[g(0)xf(0)+g(0-2/3m)x
F5(0)+g(0+2/3m)x/3(0)]

If [g(0)11(0)+g(0-2/3m)12(0)+g(0+2/37)13(0)]=constant,
since the torque T 1s proportional to I,, a torque npple
according to the location 0 does not exist. Since each phase
of motor has a location difference of 2/3, 12(0)=11(0-2/3m),
13(0)=11(0+2/3m) are completed. To obtain a wanted current
command, the following 1s assumed.

1) A connection type of stator of motor 1s symmetrical.

2) A magnetic flux distribution of rotor 1s symmetrical
with respect to the rotor.

Since g(0) 1s a function of location of the rotor, the g(0)
becomes a periodic function having a period of 2m. Since

[mathematical formula 6]

[mathematical formula 7]
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g(0) 1s a periodic function, Fourier series may be expanded.
According to an assumption, since an even number har-
monic section does not exist and 1s an odd function, a cosine
section also does not exist. Fourier series of g(0) may be
represented by a mathematical formula 8.

g(0)=E sin O+£; sin 30+E5 sin 50+ ... [mathematical formula ¥]

[ 1 T 1 T 1

Coetlicient E,, E;, E., . . . are defined as a harmonic
coellicient of counter electromotive force. Since a current
command 1, (0) 1s also a periodic function, if using Fourier
series expansion, the mathematical formula 6 i1s the same
with a mathematical formula 9. Since the sum of three-phase
current 1s 0, sin(3n0) does not exist (n=1, 2, 3, .. . ).

I[mathematical formula 9]

Iy =1y X f1(6)
= [y X (Dysinf + Dssind8 + Dosin760 + Dyysinl 16+ ...)

Since a torque T1 of one phase 1s I, xg(0), the torque of
one phase 1s the same with the result obtained by multiplying
the mathematical formula 8 by the mathematical formula 9
(a mathematical formula 10).

1= x(D sin 6+D5 sin 50+D- sin 76+D
sin 110+ . . . )x(¥, sin 0+E; sin 30+
Essin 50+ . . .)

'\ =L x(Py+P> cos 20+

P, cos 40+P, cos 60+ .. .) [mathematical formula 10]

Since there 1s a phase ditference of 2/3w between phases
of the three-phase motor, T2, T3 may be represented by a
mathematical formula 11.

5= x(Po+P5 cos(20+2/3n)+P, cos(40-2/3m)+P

cos 60+ .. .)

3= x(Pot+P> cos(20-2/3m)+P, cos(40+2/3m)+P
cos 60+ .. .) [mathematical formula 11]

Since cos t+cos(t—-2/3m)+cos(t+2/371)=0, the whole torque
T may be represented by a mathematical formula 12.

Imathematical formula 12]

T=T +1,+1;
= [y X(3Py + 3Pgcos60 + 3P,cos120+ ... )
= Ko + Kgcos60 + K{rcos120 + Kgcosl 88 + Krqcos2460 + ...

"y

1cient of each of harmonic section 1s as

Herein, a coe
follows.

KD::SIMXPD:l .SIMX/EID1+E5D5+E?D?+
E11D11+ - . ]

Ke=3D}Pe=1.50} [D ((E=LEs)+Ds(E| | —E  )+D(E -
E3)+D (Es—E7)+ . . . ]

K 5=30, )P 5=1 5L ;< [D (B 3-E | )+ Ds(E | 7—E7)+D;
(Eo—Es)+Dy (Esz-E )+ . . . ]

K g=31 %P g=1.5x [D | (E o—E| 7)+Ds(E>3—E | 3)+1-
(Eos—E  )+D (Esg—E)+ . .. ]

Koa=3 )} Poy=1 5o [D (B s—E53)+Ds(Esg—E )+
(B3 —E7)+D) ((Ess—Ej3)+ . .. ]

To simplify the formula, sections greater than I,, are
neglected because their sizes are small. Sections greater than
E, . are neglected by the same reason. Also, since sections
having a high frequency greater than K, . are low-passed by
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inertia of motor, they may be neglected. At this time, a
condition that makes harmonic sections K, and k, , remain-
ing 1n the torque T become zero 1s obtained (mathematical
formula 13).

D\(Es—E;)=Ds(E|-E | )+D4(E |-E,3)

D (E3-E =D EA+DEs [mathematical formula 13]

D. and D, satistying the mathematical formula 13 are
represented by a mathematical formula 14.

Imathematical formula 14]
Dy [Es(Es — E7) —(Ey + Ej3)(E3 — Ep )]
|E5(Ey — E1) — E5(E) + E3)]

Dy |E7(Es — E7) — (Eq + E ) (Ej3 — Eypp))
| E7(E) + Ey3) — Es(Ey — E))

Ds =

D7 =

Compensation coethicients G and G- are defined like a
mathematical formula 13.

Imathematical formula 15]

G — Ds _ |E5(Es — E7) —(E1 + E3)(Eiz — Eqp)]
> 7 D [Es(Eyy — Ey) — E7(Ey + Ep3)]

o D; _ |E7(Es — E7) — (Ey + EV)(E;3 — Byl
"7 D [E7(Ey + Ey3) — Es(Ey — E1)]

I rewriting the phase current I, using the compensation
coellicients G and G-, the phase current I, may be repre-
sented by a mathematical formula 16.

[ =1 xD(sin 0+G4 sin 50+G- sin 70)  [mathematical formula 16]

.

Herein, D, 1s a coeflicient of first section of formula
expanding 1,(0) by Fourier series. I substituting mathemati-
cal formulas 15 and 16 into the mathematical formula 12, a
final torque 1s represented by a mathematical formula 17.

1=1.5 <D (E(+GE+GoE) [mathematical formula 17]

In the mathematical formula 17, a section of location (0)
1s disappeared and the whole torque 1s proportional to I,,.
That 1s, applying a compensation current I, like the math-
ematical formula 16, a torque ripple which 1s dependent on
the location (0) may be disappeared. Heremaiter, specific
constitution and operation of the inventive concept will be
described.

1. Embodiments of Motor Control Device

FIG. 1 1s a block diagram illustrating a motor control
apparatus in accordance with some embodiments of the
inventive concept. Referring to FIG. 1, the motor control
device 1000 includes a preprocessing portion 200 and a
control portion 300. The preprocessing portion 200 receives
a three-phase current signal and a three-phase voltage signal
applied to a motor 100 and calculates a counter electromo-
tive force with reference to the received three-phase current
signal and the received three-phase voltage signal. The
calculation of the counter electromotive force in the prepro-
cessing portion 200 1s performed by an analog arithmetic
operation. The calculated counter electromotive force 1is
provided to the control portion 300. The control portion 300
outputs a driving current to the motor 100. At this time, the
control portion 300 provides a three-phase driving current
not generating a torque ripple with reference to the counter
clectromotive force provided from the preprocessing portion

200.
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FIG. 2 1s a block diagram illustrating the motor control
device 1000 illustrated in FIG. 1 1n detail. Referrmg to FIG.
2, the preprocessing portion 200 includes an offset compen-
sation portion 210 and a counter electromotive force mea-
suring portion 220. The control portion 300 includes an AD
converter 301, a processor 310, a harmonic component
detection portion 320, a nonlinear compensation portion
330, a PWM generating portion 340 and a three-phase
iverter 350.

The oflset compensation portion 210 recerves three-phase
current signals (I,,, I,, I,;). The offset compensation portion
210 detects an oflset of the received three-phase current
signals (I, I;., I;;,). The detected offset 1s provided to the
PWM generating portlon 340 as a three-phase current offset
(Io77<z7). Also, the oflset compensation portion 210 com-
pensates an oflset 1n the recerved three-phase current signals.
The three-phase current signals of which offsets are com-
pensated are provided to the counter electromotive force
measuring portion 220 as a three-phase reference current
signal (1,x. orr)-

The counter electromotive force measuring portion 220
receives three-phase voltage signals (V,, V., V), the
three-phase reference current signal (I,,.,-~) and a refer-
ence clock signal. The reference clock signal 1s a clock
signal with which the counter electromotive force measuring
portion 220 1s provided from the processor 310. The counter
clectromotive force measuring portion 220 calculates a
three-phase counter electromotive force (EMF) of motor
with reference to the received three-phase voltage signals
(V;r V;, V), the three-phase reference current signal
(I,r. orz) and a reference clock signal. The calculation of the
three-phase counter electromotive force (EMF) 1s performed
by an analog arithmetic operation. The counter electromo-
tive force measuring portion 220 provides the calculated
three-phase counter electromotive force (EMF) to the AD
converter 301.

The AD converter 301 receives the three-phase counter
clectromotive force (EMF) from the counter electromotive
force measuring portion 220. Since the three-phase counter
clectromotive force (EMF) provided from counter electro-
motive force measuring portion 220 1s an analog signal, the
AD converter 301 converts the received three-phase counter
clectromotive force (EMF) mnto a digital signal. A signal
converted in the AD converter 301 1s output as a three-phase
conversion signal.

The processor 310 calculates angular frequency (w) and a
location (0) of motor by a conventional digital signal process
with reference to the three-phase conversion signal. The
processor 310 may directly receive angular frequency (w)
and a location (0) of motor not with reference to the
three-phase conversion signal. The processor 310 provides a
reference clock signal and a current control signal V ...+
When generating the current control signal V. .~ the
processor 310 may refer to an external control signal.

The harmonic component detection portion 320 calculates
a three-phase counter electromotive force harmonic coetli-
cient (E) with reference to the three-phase conversion signal.
The nonlinear compensation portion 330 performs a non-
linear compensation for reducing a torque ripple of motor
with reference to the three-phase counter electromotive
force harmonic coeflicient (E).

The nonlinear compensation portion 330 provides the
compensated result as a three-phase compensation current

I,/ The PWM generating portion 340 generates a three-
phase PWM pulse (PWM) with reference to the three-phase

10

15

20

25

30

35

40

45

50

55

60

65

8

compensation current I, - and provides a three-phase driv-
ing current driving a motor with reference to the three-phase
PWM pulse (PWM).

Hereinatter, among the constituent elements, a specific
constitution and a detail operation of the oflset compensa-
tion portion 210, the back electromagnetic force 220, the
harmonic component detection portion 320, the nonlinear
compensation portion 330 and the PWM generating portion
340 are described.

The processor 310 1s an arnthmetic operational unit used
in a digital signal process and various kinds of arithmetic
operational units may exist. Functions of the AD converter
301 and the three-phase iverter 350 are clear and things
which the AD converter 301 and the three-phase inverter
350 refer to are also clear. A specific constitution of the
processor 310, the AD converter 301 and the three-phase
iverter 350 1s well known 1n a relevant technology field, a
special description of them 1s omitted. Each phase of the
three-phase circuit may be expressed by writing down U, V,
W together with each page or writing in subscripts. Also,
cach phase of the three-phase circuit may be expressed by
writing down (U), (V), (W) together with each page or
writing 1n subscripts.

FIG. 3 15 a block diagram illustrating the oflset compen-
sation portion 210 1illustrated 1n FIG. 2 as an illustration.
Referring to FIG. 3, the offset compensation portion 210
includes an mnput conversion portion 211, an offset detection
portion 212 and an offset removal portion 213.

The 1input conversion portion 211 converts a three-phase
current (I,, I,, I,;,) being input into a voltage signal (V,,,) for
performing an analog arithmetic operation. The voltage
signal (V) represents the amount or sign of the three-phase
current (I,, I,, I,;). The converted voltage signal (V,,,) 1s
provided to the oflset detection portion 212 and the oflset
removal portion 213.

The oflset detection portion 212 detects an oflset of the
voltage signal (V) and outputs the detected oflset as a
three-phase current offset (I,-~.z-). The oflset removal
portion 213 removes a three-phase current offset (I ,7rcz7)
from the voltage signal (V,,,). The oflset removal portion
213 provides a voltage signal from which an oflset 1is
removed as a three-phase reference current signal (I,,. zz)-

FIG. 4 1s a circuit diagram 1llustrating a specific circuit
constitution of the offset compensation portion 210. The
oflset compensation portion 210 has a three-phase signal as
an 1mmput or an output, but a circuit constitution or circuit
operation 1n each phase 1s the same. Thus, hereinafter, the
description of one phase 1s provided.

Referring to FIG. 4, the mput conversion portion 211
receives a phase current signal (I,,) as an input. The phase
current signal (I,,) received to the mput conversion portion
211 1s converted imnto a voltage signal (Vy5). The mput
conversion portion 211 may include one operating amplifier
(A,) and one ground resistor (R,,..). When the phase
current signal (I,,) flows through the ground resistor (R, <),
a voltage signal (V) having the same amount and sign
with the phase current signal (I,)xthe ground resistor
(R,,=<) 1s applied to a positive terminal of the operating
amplifier (A,). The voltage signal (V) becomes an
output of the mput conversion portion 211. If R, ..~1€2, an
amplitude of the voltage signal (V) 18 equal to the
amount of the phase current signal (I,,). An output of the
input conversion portion 211 1s transmitted to the offset
detection portion 212.

The oflset detection portion 212 includes a bufller 212¢, an
inverting amplifier 212q, a first peak value detector 2125, a
second peak value detector 2124 and a subtractor 212e. A
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voltage signal (V) mput to the offset detection portion
212 flows through two paths. A voltage signal (Vyn)

flowing one path of the two paths 1s converted 1nto a signal
(peak[-I yn]) representing a negative peak value of the
voltage signal (V5. recerved through the inverting ampli-
fier 212a and the first peak value detector 21256. A voltage
signal (V) tlowing the other path of the two paths is
converted into a signal (peak|+I,y,]) representing a posi-
tive peak value of the voltage signal (V) received
through the buflier 212¢ and the second peak value detector
2124

Operating amplifiers (A,, A,) included 1n the first and
second peak detectors 2125 and 212d operate as a voltage
drop reduction circuit reducing a voltage drop occurring at
both terminals of diodes D, and D,. A voltage drop of both
terminals of diode 1s reduced by a magnification of gain of
the operating amplifier by disposing a diode between an
output of the operating amplifier and the negative terminal
of operating amplifier. Assume that originally, a voltage drop
between both terminals of diode 1s 0.5V and a gain of the
operating amplifier 1s A. At this time, if constituting a circuit
such as the peak detectors 2126 and 212d of FIG. 4, a
voltage drop of both terminals of diode becomes 0.5/A V.,

The subtractor 212¢ reduces the negative peak value
signal (peak|-I;y.5]) from the positive peak value signal
(peak[+I ;5 1). The substracter 212e provides the reduction
result as a phase current oftset (Iozzsz7 (1)- The substracter
212e¢ may output a phase current offset (I ,zz5z7 (1) like a
mathematical formula 18 by selecting resistances illustrated

in FIG. 4.

|mathematical formula 18]

Peak[+Ijy(y] — Peak[—1 ()]
loFFSET(U) = 5 '

The oflset removal portion 213 reduces the phase current
offset (Iorrser n) from an output of the mput conversion
portion 211. The reduction result 1s equal to the phase
current signal (I,,) from which an offset 1s removed. The
oflset removal portion 213 provides the reduction result as
a reference current signal (Ipy. orzc)-

FIG. 5 1s a block diagram illustrating the counter elec-
tromotive force measuring portion 220 1llustrated in FIG. 2.
Referring to FIG. 5, the counter electromotive force mea-
suring portion 220 includes a sampling portion 222 and a
counter electromotive force operating portion 223. The
counter electromotive force measuring portion 220 further
includes a clock signal generating portion 221 providing a
clock signal to the sampling portion 222.

The clock signal generating portion 221 receives a refer-
ence clock signal and outputs a first clock signal and a
second clock signal. The first and second clock signals do
not have a high value at the same time.

The sampling portion 222 receives a three-phase refer-
ence current signal (T, ,~~). The sampling portion 222
samples the three-phase reference current signal (T, ,-+) at
every predetermined period. The sampling portion 222 com-
pares the sampled three-phase reference current signal
(I orz) With the three-phase reference current signal
(I,».or7) sampled at a previous period to output a difference
between them as a three-phase current differential signal
(Al).

The counter electromotive force operating portion 223
calculates a three-phase counter electromotive force (EMF)
with reference to the three-phase reference current signal
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(I,nv-o77=), the three-phase current differential signal (Al) and
the three-phase voltage signal (V,, V,, V).

FIG. 6 1s a circuit diagram 1llustrating a specific circuit
constitution of the counter electromotive force measuring
portion 220 illustrated in FIG. 5. The counter electromotive
force measuring portion 220 has a three-phase signal as an
input and an output, but a circuit constitution or circuit
operation 1n each phase 1s the same. Thus, heremaftter, the
description of one phase 1s provided.

Referring to FIG. 6, the clock signal generating portion
221 provides a first clock signal Q1 and a second clock
signal Q2 to the sampling portion 222 with reference to the
reference clock signal. The sampling portion 222 includes
s1x switches (SW1, SW2, SW3, SW4, SW5, SWe), two

capacitors (Cg,, C.,) and one operating amplifier (A-).

The switches (SW1, SW2, SW3) operate 1n synchroniza-
tion with the first clock signal Q1. The switches (SW1, SW2,
SW3) are closed when the first clock signal Q1 1s high and
are open when the first clock signal Q1 1s low. The switches
(SW1, SW2, SW3) operate 1n synchronization with the
second clock signal Q2. The switches (SW1, SW2, SW3) are
closed when the second clock signal Q2 1s high and are open
when the second clock signal Q2 1s low.

The sampling portion 222 receives the reference current
signal (I opzn)- The sampling portion 222 samples the
reference current signal (Iry.orzr) according to operations
of the six switches (SW1, SW2, SW3, SW4, SW35, SWe).
The sampling portion 222 compares the reference current
signal  (Iv.oprn) With the reference current signal
Uv-orrn) sampled at a previous period to output a ditter-
ence between them as a phase current differential signal
(Al ). If one period 1s Ts and present time t 1s t,, the output
(Al,) of the sampling portion 222 becomes 1y orprn(to)-
Ln-orr@y(to—18). An operational principle of the sampling
portion 222 will be described 1n further detail together with
7A, 7B, 7C and 7D.

Referring to FIG. 6, a counter electromotive force oper-
ating portion 223 includes a first amplifier 2235, a second
amplifier 223¢, an adder 223d and a subtractor 223e. The
counter e¢lectromotive force operating portion 223 may
further include a butler 223a. When assuming that a resis-
tance of each phase 1s the same with R, if substituting the
mathematical formula 4 for the mathematical formula 3, a
mathematical formula 19 1s derived. Since a dynamic equa-
tion 1n each phase 1s the same, only single-phase 1s consid-
ered.

[mathematical formula 19]

dl;
V,, = RX1y + Z Liy—2 +g®)xw

i=U VW di
Al dly d Iy

=Rxly+Lyy— +Lyi)— + Liyiy —— + g(0) X
v+ Lo — Uy WU — g0) Xw

Herein, w=d0/dt. The sum (I,+I,+1;;,) of each phase
current 1n a phase motor 1s zero. It 1s assumed that self
inductance of each phase 1s L. and 1s the same (L,,,=L). It
1s assumed that mutual inductance between phases 1s uni-
form regardless of a location of rotor (L,,~L,,~M). If
substituting the above assumption to write the mathematical
formula 19 again, a mathematical formula 20 1s derived.
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Imathematical formula 20]
dly dly d iy
VU :RXIU+LSI+MI+MW+(§(Q)XM
Cffy Cf(fl,f +fw)
= RX [y +LSE+M P + g() X w
_Rrxly e Ly dle () %
B U dn FTER A

U
=R+ L— + (Y Xw
U = g(o)

Herein, L=L .~M. Since the far right section of the math-
ematical formula 20 1s a counter electromotive force, a
counter electromotive force (EMF,,) being generated 1n a
motor may be represented by a mathematical formula 21.

dly,
EMFy =V, = Rx Iy - L——

Imathematical formula 21]

Herein, V,, 1s a phase voltage of motor, I,, 1s a phase
current of motor, R 1s a phase resistance of motor, L 1s phase
self mductance of motor and M 1s mutual inductance
between phases ol motor.

As shown in the mathematical formula 21, the phase
counter electromotive force (EMF,,) of motor i1s the same
with the value obtained by subtracting the amount (RxIU) of
voltage drop by a resistor and the amount (Lx(dl,/dT) of
voltage drop by inductance from the phase voltage V,, of
motor. The phase current I,, of motor of the mathematical
formula 21 1s an 1deal signal not considering an offset. The
phase reference current signal (I ozzn) 18 the phase
current signal (I,,) from which only the phase current oilset
loprerr 18 removed. Thus, 1t 1s considered that in the
mathematical formula 21, the phase current signal (I,,) 1s the
same with the phase reference current signal (I opzn)-

First, an operation to obtain the right second section
(RxI,,) of the mathematical formula 21 1s described. The
phase reference current signal (I, ozzn) Input into the
counter electromotive force operating portion 223 1s output
to the adder 223d through the bufler 2234 and the first
amplifier 2235. The amplification magnification of the first
amplifier 2236 may be varied by controlling a variable
resistor R -,,. Thus, 11 controlling the variable resistor R 5,
so that R becomes R ;,,/R ., (herematter 1t 1s called a first
amplification magnification), an output (heremnafter it 1s
called a first inverting output) of the first amplifier 2235
becomes —-RXI;y orpn. At this time, R 1s a resistance
component of the motor. A capacitor C ., included 1n the first
amplifier 2235 1s added to perform a low pass filtering.

Next, an operation to obtain the right third section (Lx
(dI,/dT)) of the mathematical formula 21 1s described. Since
I~ Ln.orFy, @ denved function (dI./dT) of the phase

current I, ,may be approximated like a mathematical formula
22.

When Ts—0,
dl/dt={I;n orran(lo)-

Iinv-orranto=15)/ 18 =Al /15
In the above formula, Ts 1s a period at which the sampling
portion 222 samples the reference current signal, Al,,1s an
output of the sampling portion 222. A phase current difler-
ential signal (Al,,) input into the counter electromotive force
operating portion 223 1s output to the adder 2234 through the
second amplifier 223¢. An amplification magnification of the
second amplifier 223¢ may be varied by controlling a

[mathematical formula 22]

10

15

20

25

35

40

45

50

55

60

65

12

variable resistor R ;.. I controlling the variable resistor
R, sothat L/Ts becomes R ;, /R, , (hereinafter 1t 1s called
a second amplification magnification), an output (hereinafter
it 1s called a second 1nverting output) of the second amplifier
223¢ becomes —Lx(Al,/Ts). At this time, L 1s an mductor
component of the motor. A capacitor C, included 1n the
second amplifier 223¢ 1s added to perform a low pass
filtering.

The adder 223d adds the first inverting output and the
second inverting output to output them to the subtractor
223¢. At this time, an output of the adder 2234 becomes
RxIn. oprn+tLx(Al/Ts). The subtractor 223e subtracts the
output of the adder 2234 trom the phase voltage signal (V).
At this time, an output of the subtractor 223e becomes
Vo~RXInv orpn+Lx(Al/Ts). Since the phase voltage sig-
nal V,, and the phase voltage V,, are the same, a circuit
constitution of the mathematical formula 21 1s completed.

The counter electromotive force operating portion 223
provides an output of the subtractor 223e as a phase counter
clectromotive force (EMF ;). An operation to obtain a coun-
ter electromotive force 1s performed 1n the preprocessing
portion 200 by an analog signal. As a result, the amount of
operations to be performed by a digital processor 1n the
control portion 1s reduced and a cost of control system of
motor may be reduced.

In FIGS. 7A, 7B, 7C and 7D, an operation of the sampling,
portion 222 i1s illustrated in further detail. FIG. 7A shows a
circuit diagram of the sampling portion 222 when t=t,, FIG.
7B shows a circuit diagram of the sampling portion 222
when t=t, and FIG. 7C shows a circuit diagram of the
sampling portion 222 when t=t,. FIG. 7D 1s a wavelorm
diagram of the first clock signal Q1, the second clock signal
Q2 and the reference current signal.

Referring to FIG. 7A, since the first clock signal Q1 1s
high and the second clock signal Q2 1s low before t=t,, the
switches SW1, SW2 and SW3 are closed and the switches
SW4, SW5 and SW6 are open. Since the amount of charges
accumulated 1n the capacitor 1s a value obtained by multi-
plying a voltage of both terminals of capacitor by capaci-
tance of capacitor, the amount Q,(t,) of charges accumu-
lated 1n a capacitor C., at t=t, may be expressed by a
mathematical formula 23.

After t=t,, the first clock signal Q1 becomes low and the
switches SW1, SW2 and SW3 are open. If the SW2 15 open,
an output terminal of the capacitor C., 1s connected to a
positive terminal of the operating amplifier (A-) or 1s open.
As a result, a current cannot flow out from the output
terminal of the capacitor C,. Thus, when t=t,, the amount
of charges accumulated 1n the capacitor C., 1s maintained
until the first clock signal (Q1 becomes high again.

Referring to FIG. 7B, when t=t,, since the first clock
signal Q1 1s low and the second clock signal Q2 1s high, the
switches SW1, SW2 and SW3 are open and the switches
SW4, SW5 and SW6 are closed. At this time, the amount of
charges Q,(t,) accumulated 1n the capacitor C, and the
amount of charges (Q.,(t,) accumulated in the capacitor C.,
may be expressed by a mathematical formula 24.

Os1(11)=Cs1x [Iin orran(t1)-AA1))]
Oso(11)=Coox Iy orran(t)-0] [mathematical formula 24]

Since the amount of charges accumulated in the capacitor
Co, 1s uniform at t=t,~t;, QS1(t0) becomes Q. (t,) by
conservation law of electrical charges. To obtain AI(t,), 1f
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the mathematical formula 23 and the mathematical formula
24 are allied, a result like a mathematical formula 25 can be
obtained.

Since Qg (t5)=Qq (1)),

Co1x v orran(to)-O1=Coi1x v orpan(t) XAl (2]

A=y orranE )~ Iv orran(to)  [mathematical formula 23]

According to the above result, an output of the sampling
portion 222 1s a differential value between the reference
current signal (I orzr(to) at t=t, and the reterence current

signal (IIN-OFF(U)(tl) at t=t,.
After t=t,, the second clock signal Q2 becomes low and

the switches SW4, SWS and SWé are open. If the SW5 1s
open, an output terminal of the capacitor C, 1s connected to
a positive terminal of the operating amplifier (A-) or 1s open.
As a result, a current cannot flow out from the output
terminal of the capacitor C.,. Thus, when t=t,, the amount
of charges accumulated 1n the capacitor C., 1s maintained
until the second clock signal Q2 becomes high again.

Referring to FIG. 7C, when t=t,, since the first clock
signal Q1 1s high and the second clock signal Q2 1s low, the
switches SW1, SW2 and SW3 are closed and the switches
SW4, SW3S and SWé are open. At this time, the amount of
charges Q.,(t,) accumulated 1n the capacitor C., and the
amount of charges (Q.,(t,) accumulated in the capacitor C.,
may be expressed by a mathematical formula 26. An output
(A I,(t,)) of the sampling portion 222 may be expressed by
a mathematical formula 27.

Os1(6)=Co1 X {11y opman(ta)-0]

QSE(IE):CSQXHW—E}FF(LF)(IE)_MU/(IE)] [mﬂthemﬂtica.l fDI‘IIllll::l 26]

Since Qo (t, )=Q.-(t,) by the conservation law of electri-
cal charge,

Coox v orran(t1)-O1FCox [Iin orpan(to)—Alis)]

A ALy orran(B)~Iv-orran(t;)  [mathematical formula 27]

Similarly, an output of the sampling portion 222 1s a
differential value between the reference current signal
Uveorren(ty) at t=t; and the reference current signal
Uznv-orr@)(t2) at t=t,.

FIG. 7D 1s a schematic view showing a sampling opera-
tion of the sampling portion illustrated 1n FIG. 6. Referring
to FIG. 7D, a reference current signal (IIN-OFF(U)) 1s
sampled at a falling edge (t=t, or t=t,) of the first clock
signal Q1 or a falling edge (t=t, ) of the second clock signal
Q2.

FIG. 8 1s a wavetorm that the schematic view illustrated
in FI1G. 7D 1s 1llustrated again considering a sampling period
(Ts). In FIG. 8, an interval between a falling edge of the first
clock signal Q1 and a falling edge of the second clock signal
Q2 1s controlled to have a specific period (Ts). After con-
trolling the interval, the sampling portion 222 outputs a
phase differential signal (Al,,) at every period (Is).

FIG. 9 1s a block diagram 1llustrating the control portion
illustrated 1n FIG. 2. Referring to FIG. 9, the control portion
300 includes an AD converter 301, a processor 310, a
harmonic component detection portion 320, a nonlinear
compensation portion 330, a PWM generating portion 340
and a three-phase inverter 350.

The AD converter 301 receives a three-phase counter
clectromotive force (EMF) from the preprocessing portion
200 to convert 1t 1nto a digital signal. The signal converted
in the AD converter 301 1s output as a three-phase conver-
s1on signal.
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The processor 310 calculates and provides a rotation
angular frequency (w) and a location (0) of motor with
reference to the three-phase conversion signal. Also, the
processor 310 provides a reference clock signal and a
current control signal (V -7

The harmonic component detection portion 330 calculates
three-phase counter electromotive force harmonic coetli-
cients (E,, E;, E;;) with reference to the three-phase con-
version signal.

The nonlinear compensation portion 330 performs a non-
linear compensation to reduce torque ripple of motor with
reference to the three-phase counter electromotive force
harmonic coeflicients (E,, E;, E;;). The nonlinear compen-
sation portion 330 provides the compensated result as a
three-phase compensation current signal (I,,,).

The PWM generating portion 340 generates a three-phase
PWM pulse (PWM) with reference to the three-phase com-
pensation current signal (I,,,,+), the reference clock signal
and a current control signal (V oA+ and a three-phase
current offset (I,-z<z7). The three-phase mverter 350 pro-
vides a three-phase driving current with reference to the
three-phase PWM pulse (PWM). The three-phase driving
current drives the motor.

FIG. 10 1s a block diagram for describing an operation of
harmonic coeflicient detection portion illustrated i FIG. 9.

The harmonic coeflicient detection portion 320 has a
three-phase signal as an mput and an output but constituent
clements of each phase and functions of the constituent
clements are the same. Thus, heremnafter, the description of
one phase 1s provided.

Referring to FIG. 10, the harmonic coeflicient detection
portion 320 includes a coeflicient detector 321 and a {fre-
quency synthesizer 322. The frequency synthesizer 322
synthesizes sine waves having first, third, fifth, seventh,
cleventh and thirteenth harmonics of angular frequency (w)
of motor from the processor 310 with reference to angular
frequency (w) of motor. The frequency synthesizer 322
outputs the synthesized sine waves to the coetlicient detector
321.

The coethicient detector 321 detects coellicients of har-
monic sections of g(0) included in the mathematical formula
8 with reference to the phase conversion signal and the
synthesized sine waves. To specifically describe a process of
detecting coetflicients of harmonic sections, 1t 1s assumed as
follows.

1) The motor operates at a constant speed. (w=constant)

2) An mitial location (0,,,,) of the motor 1s O.

Since the location (0) of the motor 1s wt+0,,,-~ the O
becomes wt by the assumption 2. The phase conversion
signal means a counter electromotive force. Referring to the
mathematical formulas 19 and 20, the phase conversion
signal=g(0)xw. Each phase in a three-phase motor has a
phase diflerence of 2/3m. Thus, if assume that an nitial
location 1s O (that 15, g(0)=g,, (0)), g0)=g,, (0)=
g {0-2/3m)=g{0+2/3m). Referring to the mathematical for-
mula 8, if expressing the phase conversion signal by Fourier
series with respect to 0, it may be represented by a math-
ematical formula 28.

wx g A0)=wxg A wt)=wx[E, sin wi+l; sin 3wi+Es sin
Swi+ ... ] [mathematical formula 28]

Herein, since the sum of three-phase current 1s 0, when
considering the whole three-phase torque, sin(3n*wt) sec-
tion may be erased (n=1, 2, 3, . .. ). Since the w 1s constant
by the assumption 1), the coetlicient detector 321 performs
an operation of dividing the phase conversion signal by w.
And, w means angular frequency of sine wave (that 1s,
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w=m). I w 1s not constant as an embodiment, the coellicient
detector 321 may continuously receive changing w from the
DSP. At this time, the coethlicient detector 321 performs an
operation of dividing the phase conversion signal by the
received w. The divided signal may be represented by a 4
mathematical formula 29.

grAwl=[E sin wi+E5 sin Swi+
Eosmn7wt... ] [mathematical formula 29]

The coethlicient detector 321 seeks cross correlation func-
tions between sine waves output from g,, (wt) and the 10
frequency synthesizer 322 respectively. The obtained coet-
ficients of the cross correlation functions include a coetl-
cient of each harmonic section according to the order of sine
wave. For example, a coeflicient of function obtained by
performing a cross correlation operation of sine wave having 15
a first harmonic frequency becomes E,. Similarly, a coefli-
cient of function obtained by performing a cross correlation
operation of sine wave having a {fifth harmonic frequency
becomes E.. The coeflicient detector 321 calculates coetli-
cient values of the obtained cross correlation functions. The 20
coellicient values of the obtained cross correlation functions
may be obtained by measuring the maximum values of cross
correlation functions. The coeflicient detector 321 outputs
the coetlicient values of the obtained cross correlation func-
tions as a counter electromotive force harmonic coetlicient 25
(Ey).

The phase counter electromotive force harmonic coetli-
cient (E,,) means harmonic section coetlicients of g(0)
included in the mathematical formula 8. The phase counter
electromotive force harmonic coeflicient (E,,) may include a 30
plurality of coeflicients. Also, the phase counter electromo-
tive force harmonic coeflicient (E,;) may be a BUS type
having a plurality of coeflicients. According to some
embodiments, the phase counter electromotive force har-
monic coetlicient (E,,) may include first, fifth, seventh, 35
cleventh and thirteenth harmonic coeflicients (E,, E., E-,
E,,, E;3). According to the constitution and processes, a
three-phase counter electromotive force harmonic coetli-
cient (E) needed for a nonlinear compensation may be
obtained. 40

FIG. 11 1s a block diagram illustrating an operation of
nonlinear compensation portion illustrated 1n FIG. 9. The
nonlinear compensation portion 330 has a three-phase signal
as an nput and an output but constituent elements of each
phase and functions of the constituent elements are the same. 45
Thus, hereinatter, the description of one phase 1s provided.

A specific principle of the nonlinear compensation portion
330 1s as stated 1n the aforementioned “inducement of
compensation current mimmizing a torque ripple” and
“embodiments of motor control device”. 50

Referring to FIG. 11, the nonlinear compensation portion
330 includes a correction coethlicient extractor 331 and a
nonlinear current compensator 332. The correction coetli-
cient extractor 331 calculates the correction coeflicients (G35,
(G7) included 1n the mathematical formula 15 with reference 55
to the phase counter electromotive force harmonic coetli-
cient (E,,). The calculated correction coeflicient 1s provided
to the nonlinear current compensator 332. The nonlinear
current compensator 332 calculates the compensation cur-
rent calculated 1n the mathematical formula 16 with refer- 60
ence to the location (0) of motor, the torque command (I, ,)
and the correction coetlicients (G5, G7). The torque com-
mand (I,,) may be input from the outside.

An algorism of the nonlinear current compensator 332 1s
illustrated 1n FIG. 11. There 1s a phase difference of 2/3w 65
between phases of the three-phase motor. There are phase
differences of 2/3m and 4/3w between a location and a torque
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command of motor on the V phase and the W phase and a
location (0) and a torque (I,,) command of motor on the U
phase. The compensation current calculated 1n the nonlinear
current compensator 332 1s provided as a three-phase com-
pensation current (I,,,,). As described 1n the “inducement of
compensation current minimizing a torque ripple”, the three-
phase compensation current (I,;,-) means a current signal
compensated so that a torque ripple dependent on a location
of motor 1s removed.

FIG. 12 1s a block diagram illustrating a PWM generating,
portion 1illustrated 1n FIG. 9. The PWM generating portion
340 has a three-phase signal as an input and an output but
constituent elements of each phase and functions of the
constituent elements are the same. Thus, hereinatfter, the
description of one phase 1s provided.

The PWM generating portion 340 includes a sine wave
generator 341, a first amplifier 342, a triangular wave
generator 343, a second amplifier 344, a first adder 345, a
second adder 346 and a comparator 347.

The sine wave generator 341 converts and outputs a phase
compensation current (;o.7z;)) 1nto an analog sine wave
signal. The sine wave generator 341 may include DA
converters. The first amplifier 342 amplifies a signal con-
verted 1n the sine wave generator 341. To remove harmonic
components, the first amplifier 342 may 1nclude a low pass
filter. The first amplifier 342 outputs the amplified signal as
a first comparative signal.

The triangular wave generator 343 generates a triangular
wave with reference to a reference signal (K) provided from
the processor 310. A signal generated from the triangular
wave generator 343 1s amplified through the second ampli-
fier 344. To remove harmonic components, the second
amplifier 344 may include a low pass filter. In the first and
second adders 345 and 346, the signal amplified 1n the
second amplifier 344, a current control signal (V -, and
the phase current offset (1zrsz775) are added to be output
as a second comparative signal.

The comparator 347 compares the first comparative signal
and the second comparative signal with each other, and
generates and outputs a phase PWM pulse (PWM,,) accord-
ing to comparison logic. As an embodiment, the comparison
logic outputs a high when the first comparative signal 1s
higher than the second comparative signal and otherwise,
outputs a low.

FIGS. 13 and 14 are conceptual diagrams for describing
an operation that the comparator generates a PWM pulse 1n
the PWM generating portion illustrated in FIG. 12. The
comparator outputs a high only when the first comparative
signal 1s higher than the second comparative signal and
otherwise, outputs a low.

In FIG. 13, if the current control signal Vcont has a
positive value, a center line of the second comparative signal
rises and a section i which a high 1s output relatively
shortens. In FIG. 14, 11 the current control signal Vcont has
a negative value, a center line of the second comparative
signal falls and a section in which a high 1s output relatively
lengthens. That 1s, the PWM generator 340 can control a
PWM pulse width through the current control signal
(Vcont).

FIG. 17A and FIG. 17B 1s a wavelorm diagram showing
simulation results of torque characteristic of motor control
apparatus in accordance with some embodiments of the
inventive concept. FIG. 17A 1s a torque wavelorm of before
applying the present inventive concept to a motor. FIG. 17B
1s a torque wavelorm of after applying the present inventive
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concept to a motor. We can see that an effect of torque ripple
reduction 1s great when the present mventive concept 1s
applied to a motor.

The motor control device 1n accordance with some
embodiments of the mmventive concept reduces a torque
ripple when driving a motor, 1t has an eflect of reducing
vibration and noise of the motor. Also, since a calculation of
counter electromotive force 1s performed by an analog
operation, the amount of operations of the processor per-
forming a digital signal processing may be reduced.

2. Embodiments of Motor Control Method

FIG. 15 1s a flow chart describing a method of controlling,
a motor 1n accordance with some embodiments of the
inventive concept. In FIG. 15, S100 1s a preprocessing step
that calculates a three-phase counter electromotive force of
motor using an analog operation. S110 1s a postprocessing,
step 1n which a nonlinear compensation of current signal and
a driving current output are performed. The S100 1s per-
formed 1n the preprocessing portion (200 of FIG. 1). The
S110 1s performed 1n the control portion (300 of FIG. 1).

Referring to the S100, the calculation of the three-phase
counter electromotive force i1s performed in the order as
tollows. In the S101, the preprocessing portion 200 recerves
a three-phase current signal (I,, I;, 1) and a three-phase
voltage signal (V,, V;, V) provided to a motor.

In S102, the ofiset compensation portion (210 of FIG. 3)
compensates an oflset of the received three-phase current
signal (I,, I,, I,;). The offset compensation 1s pertormed
through two steps of ofiset detection and oflset removal.

In S103, the counter electromotive force measuring por-
tion (220 of FIG. 5) receives the three-phase voltage signal
(V,» V., V) and the three-phase current signal (hereinaiter
it 1s called a three-phase reference current signal (I, ,zz) O
which an offset 1s compensated. The counter electromotive
force measuring portion 220 calculates a three-phase counter
clectromotive force (EMF) corresponding to the received
three-phase voltage signal (V,, V., V) and the recerved
three-phase reference current signal (I,,. =) USINg an ana-
log operation.

The sampling portion (222 of FIG. 6) outputs a difieren-
tial value (heremaiter 1t 1s called a three-phase current
differential signal (Al)) of the three-phase reference current
signal (I,., ,7=7) at every predetermined period with refer-
ence to the three-phase reterence current signal (I, 7).
Herein, the three-phase current differential signal (Al) means
a difference between a three-phase reference current signal
value (I,n. o7z (t5)) of the present period and a three-phase
reference current signal value (I, o7z (t;—T5s)) of the pre-
vious period (the Ts means a sampling period). A specific
principle of the sampling portion 222 1s described 1n detail
in the description of the motor control device and 1n FIGS.
7A, 7B, 7C, 7D and 8.

The counter electromotive force operating portion (223 of
FIG. 6) calculates the three-phase counter electromotive
torce (EMF) with reference to the three-phase reference
current signal (I,,. ) and the three-phase current differ-
ential signal (Al). A calculation of the three-phase counter
clectromotive force (EMF) 1s performed by an analog opera-
tion. At this time, the analog operation 1s performed using
the adder (2234 of FIG. 6) and the subtractor (223¢ of FIG.
6) using an operating amplifier, and the amplifiers (2235 and
223c of FIG. 6).

In S104, the preprocessing portion 200 outputs the cal-
culated three-phase counter electromotive force (EMF).

Referring to S110, a nonlinear compensation of current
signal and a driving current output are performed in the
order as follows.
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In S111, the three-phase counter electromotive force
(EMF) received from the preprocessing portion 200 1s
converted into a digital signal (hereinaifter, 1t 1s called a
three-phase conversion signal) by the AD converter (301 of
FIG. 9). The harmonic coethlicient detector (320 of FIG. 9)
calculates harmonic coethicients (E) of three-phase counter
clectromotive force with reference to the three-phase con-
version signal.

In S112, the nonlinear compensation portion (330 of FIG.
11) outputs a three-phase compensation current (I,,,,-) with
reference to the harmonic coeflicients (E) of three-phase
counter electromotive force. The three-phase compensation
current (I,,+) 1s a current signal which 1s nonlinear-com-
pensated to reduce a torque ripple. A specific method and an
algorism of the nonlinear compensation performed in the
nonlinear compensation portion 330 1s the same with those
in the motor control device.

In S113, the PWM generating portion (340 of FIG. 12)
outputs a three-phase PWM pulse (PWM) with reference to
a reference signal (K) and the current control signal (V -5
generated from the processor (310 of FIG. 12) and the
three-phase compensation current (I,,-). A width of the
PWM pulse outputted by the current control signal (V - xr7)
being recerved from the processor 310 may be controlled.
The three-phase inverter (350 of FIG. 9) provides a corre-
sponding three-phase driving current to a motor with refer-
ence to the three-phase PWM pulse (PWM).

FIG. 16 1s a flow chart described by subdividing S111
illustrated 1n FIG. 15. Referring to FIG. 16, the calculation
of harmonic coeflicient of counter electromotive force is
performed 1n the order as follows.

In S210, the frequency synthesizer (322 of FIG. 10)
generates sine waves the amplitude of angular frequency of
which 1s odd number times of rotation angular frequency
(w). The generated sine waves may have a frequency of w,
Sw, 7w, Ow, 11w or 13w.

In 8220, the coeflicient detector (321 of FIG. 10) receives
the sine waves generated from the frequency synthesizer 322
and the three-phase counter electromotive force (EMF)
calculated from the preprocessing portion (200 of FIG. 1).
The counter electromotive force may be converted mto a
digital signal by the AD converter (301 of FIG. 9) to be
received to the coetlicient detector 321.

In S230, an operation of dividing the three-phase counter
clectromotive force (EMF) by angular frequency (w) 1is
performed.

In S240, the coethcient detector 321 calculates cross
correlation functions between the recerved sine waves and
the three-phase counter electromotive force on which a
dividing operation 1s performed.

In S250, the coetlicient detector 321 detects the maximum
value of the calculated cross correlation function.

In S260, the coellicient detector 321 outputs the detected
maximum value as a three-phase counter electromotive
force harmonic coeflicient (E). Since a calculation of counter
clectromotive force 1s performed by an analog operation, the
amount of operations of the processor performing a digital
signal processing may be reduced. Also, a specific method 1s
provided which calculates a counter electromotive force
harmonic coeflicient needed 1n the motor control device.
Since a torque ripple of the motor 1s reduced, vibration and
noise may be mimmized.

According to some embodiments of the mmventive con-
cept, a torque ripple of motor may be reduced. Since a part
ol operation to control a motor 1s performed by an analog
signal processing in a preprocessing portion, the amount of
operations of digital processor may be reduced. A counter
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clectromotive force harmonic coeflicient of motor may be
calculated. Vibration and noise of the motor may be reduced.
The above-disclosed subject matter 1s to be considered
illustrative, and not restrictive, and the appended claims are
intended to cover all such modifications, enhancements, and
other embodiments, which fall within the true spint and
scope of the inventive concept. Thus, to the maximum extent
allowed by law, the scope of the inventive concept is to be
determined by the broadest permissible interpretation of the
following claims and their equivalents, and shall not be
restricted or limited by the foregoing detailed description.
What 1s claimed 1s:
1. A motor control device comprising:
a preprocessing portion calculating a counter electromo-
tive force of a motor using an analog operation, a
component of the counter electromotive force corre-
sponding to a current signal of three phase current
signals and a voltage signal of three phase voltage
signals; and
a control portion driving the motor with reference to the
counter electromotive force,
wherein the preprocessing portion comprises:
an oflset compensation portion receirving the current
signal, compensating for an oflset of the recerved
current signal, and outputting the compensated cur-
rent signal as a reference current signal; and

a counter electromotive force measuring portion
receiving the reference current signal, a reference
clock signal, and the voltage signal, calculating the
component of the counter electromotive force based
on the received signals, and outputting a signal
indicative of the calculated component of the counter
clectromotive force.

2. The motor control device of claim 1, wherein the oflset
of the received current signal 1s a first oflset signal, and

wherein the offset compensation portion comprises:

an oflset detecting portion receiving an input signal
corresponding to the current signal, detecting a second
offset of the received mput signal, and outputting a
signal indicative of the second ofifset; and

an oflset removing portion receiving the input signal and
the signal indicative of the second offset compensating
for the second oflset of the mput signal, and outputting
the compensated mput signal as the reference current
signal.

3. The motor control device of claim 2, wherein the oflset

removing portion comprises a subtractor.

4. The motor control device of claim 2, wherein the oflset
detecting portion comprises:

a {irst peak value detecting portion detecting an amplitude

of a positive peak value of the mput signal;

a second peak value detecting portion detecting an ampli-
tude of a negative peak value of the mput signal; and

a subtractor subtracting the amplitude of the negative
peak value from the amplitude of the positive peak
value.

5. The motor control device of claim 4, wherein each of
the first peak value detecting portion and the second peak
value detecting portion comprises:

an operational amplifier including a first input terminal, a
second input terminal and an output terminal, wherein
the first mput terminal receives the mput signal;

a diode including a cathode connected to the second input
terminal and an anode connected to the output terminal;
and

a capacitor including a first terminal and a second termi-
nal, wherein the first terminal 1s connected to the
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second input terminal and the cathode, and the second
terminal 1s connected to a ground.

6. The motor control device of claim 1, wherein the
reference current signal includes first and second reference
current signals, and

wherein the counter electromotive force measuring por-
tion comprises:

a sampling portion receiving the first reference current
signal at a first time and the second reference current
signal at a second time, a difference 1n time between the
first and second times corresponding to a sampling
period, comparing the first reference current signal with
the second reference current signal, and outputting a
signal indicative of a differential value between the first
and second reference current signals; and

an operating portion receiwving the voltage signal, the
reference current signal and the signal indicative of the
differential value, calculating the component of the
counter electromotive force based on the voltage sig-
nal, the reference current signal and the signal indica-
tive of the differential value, and outputting the signal
indicative of the calculated component of the counter
clectromotive force.

7. The motor control device of claim 6, wherein the
counter electromotive force measuring portion further com-
prises a clock signal generating portion receiving the refer-
ence clock signal and providing a first clock signal and a
second clock signal to the sampling portion.

8. The motor control device of claim 7, wherein the
sampling period 1s determined according to a first cycle of
the first clock signal and a second cycle of the second clock
signal.

9. The motor control device of claim 8, wherein the first
and second clock signals do not have a high value at the
same time.

10. The motor control device of claim 9, wherein the
sampling portion comprises:

a first capacitor;

a second capacitor;

a bufler;

a first switch operating 1n synchronization with the first
clock signal, the first switch including one terminal that
receives the reference current signal and the other
terminal connected to an input terminal of the first
capacitor;

a second switch operating 1n synchronization with the first
clock signal, the second switch including one terminal
connected to an output terminal of the first capacitor
and the other terminal connected to a ground;

a third switch operating in synchronization with the first
clock signal, the third switch including one terminal
connected to an output terminal of the second capacitor
and the other terminal connected to an input terminal of
the bufler:;

a fourth switch operating in synchronization with the
second clock signal, the fourth switch including one
terminal that receives the reference current signal and
the other terminal connected to an iput terminal of the
second capacitor;

a 1ifth switch operating in synchromzation with the sec-
ond clock signal, the fifth switch including one terminal
connected to an output terminal of the second capacitor
and the other terminal connected to the ground; and

a sixth switch operating in synchronization with the
second clock signal, the sixth switch including one




US 9,490,734 B2

21

terminal connected to the output terminal of the first
capacitor and the other terminal connected to the input
terminal of the builer.

11. The motor control device of claim 6, wherein the
operating portion comprises;

a first mverting amplifier inverting and amplifying the
signal indicative of the differential value and providing
the mverted and amplified signal as a {first inverting
output;

a second 1mverting amplifier inverting and amplitying the
reference current signal and providing the inverted and
amplified reference current signal as a second 1nverting
output;

an adder adding the first inverting output and the second
inverting output and calculating a sum of the first and
second 1nverting outputs; and

a subtractor subtracting the calculated sum of the adder
from a value indicated by the voltage signal.

12. The motor control device of claim 11, wherein a first
gain of the first inverting amplifier and a second gain of the
second inverting amplifier vary with resistance values of
corresponding variable resistors.

13. The motor control device of claim 12, wherein the first
gain has a value obtained by dividing a value of an inductor
component of the motor by the sampling period, and

wherein the second gain has a value of a phase resistance
of the motor.

14. A method of controlling a motor, the method com-
prising;:

receiving a current signal of three phase current signals,
compensating for an oflset of the received current
signal, and outputting the compensated current signal
as a reference current signal;

receiving the reference current signal, a reference clock
signal, and a voltage signal of three phase voltage
signals, calculating a component of a counter electro-
motive force based on the received signals, and out-
putting a signal indicative of the calculated component
of the counter electromotive force;

receiving sine wave signals having angular frequencies
that are odd number times of an angular frequency of
the motor, and receirving the signal indicative of the
component of the counter electromotive force;

dividing the component of the counter electromotive force
by the angular frequency of the motor;

obtaining cross correlation functions between the
received sine wave signals and the divided component
of the counter electromotive force; and

obtaining maximum values of the cross correlation func-
tions and providing the maximum values as harmonic
coellicients of the component of the counter electro-
motive force.

15. The method of claim 14, wherein the angular frequen-
cies of the sine wave signals include first, fifth, seventh,
cleventh and thirteenth harmonics of the component of the
counter electromotive force.

16. The method of claim 15, further comprising;

providing a three-phase compensation current with refer-
ence to the harmonic coethlicients of the component of
the counter electromotive force to reduce a torque
ripple; and

determining a duty cycle of a pulse width modulation
(PWM) 1inverter according to the three-phase compen-
sation current and an external control signal.
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17. The method of claim 16, wherein determining the duty
cycle of the PWM 1nverter comprises comparing a triangular
wave and a sine wave, wherein a reference point of the
triangular wave 1s changed depending on a three-phase
current offset of the motor or the external control signal.

18. The motor control device of claim 1, wherein the
component of the counter electromotive force 1s calculated
using the following equation:

dl
EME, =V, - Rx[, —.—,
dt

wherein EMF, is an i” component of the counter electro-
motive force, V., 1s a level of the voltage signal, R 1s a
value of a phase resistance of the motor, I, 1s the current
signal, L 1s a value of a phase self-inductance of the
motor, and t 1S a time.

19. A motor control device comprising:

a preprocessing portion calculating a counter electromo-
tive force of a motor using an analog operation, a
component of the counter electromotive force corre-
sponding to a current signal of three phase current
signals and a voltage signal of three phase voltage
signals; and

a control portion driving the motor with reference to the
counter electromotive force,

wherein the preprocessing portion comprises:
an oflset compensation portion receirving the current

signal, compensating for an oflset of the receirved
current signal, and outputting the compensated cur-
rent signal as a reference current signal; and

a counter electromotive force measuring portion
receiving the reference current signal, a reference
clock signal, and the voltage signal, calculating the
component of the counter electromotive force based
on the received signals, and outputting a signal
indicative of the calculated component of the counter
electromotive force,

wherein the reference current signal includes first and
second reference current signals, and

wherein the counter electromotive force measuring por-
tion comprises:

a sampling portion receiving the first reference current
signal at a first time and the second reference current
signal at a second time, a diflerence 1n time between
the first and second times corresponding to a sam-
pling period, comparing the first reference current
signal with the second reference current signal, and
outputting a signal indicative of a differential value
between the first and second reference current sig-
nals; and

an operating portion receiving the voltage signal, the
reference current signal and the signal indicative of

the differential value, calculating the component of

the counter electromotive force based on the voltage
signal, the reference current signal and the signal
indicative of the differential value, and outputting the

signal indicative of the calculated component of the
counter electromotive force.
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